The end-of-century projection of the snowfall characteristics over the Alps region is studied using the 50-km resolution atmospheric global climate model, HiRAM (high-resolution atmospheric model). The model is forced by three different patterns of projections in the sea surface temperature (SST) in order to assess the sensitivity of snowfall characteristics to theses patterns. It is found that the mean snowfall intensity and frequency is poorly affected by the differences in SST forcing. However, the projections of heavy snowfall events strongly depend on the SST scenario. The changes in temperature and frequency of precipitation and freezing days over the Alps were investigated. We found that these variables did not exhibit a clear dependence to the SST scenario and could not explain the differences observed in snowfall projections. Changes in the moisture transport from the Atlantic Ocean to Europe were found significantly different between each scenario and are assumed to be the main factor affecting the projections of snowfalls, by providing more or less moisture supply.
Introduction
In a warming climate, snow cover is expected reduce due to a decrease in the number of freezing days and snowfall events and an increase of ablation (Collins et al., 2013) leading to a greater vulnerability of the ecosystem (Kelly and Goulden, 2008; Chen et al., 2011) and the tourism in the Alps (Elsasser and Messerli, 2001 ). For example, Scherrer et al. (2004) , using observation, found a reduction of the annual number of snow days at low altitudes (below 1300 m) over the Swiss Alps during the late 20th century. They attributed these changes mainly to changes in the mean temperature, but also pointed out the influence of the North Atlantic Oscillation (NAO) in the South part of the Swiss Alps.
The skill of long-range climate forecasts originate from slowly varying components of the climate system rather than the initial state of the atmosphere, the latter being more important in short-term forecasts (Harrison, 1995; Carson, 1998) . One of these low-frequency processes, the sea surface temperature (SST), is predictable months ahead (Barnston et al., 1999) , but its long-term projection shows many discrepancies in terms of spatial structure or seasonal signals (Collins et al., 2013) . The issue of the SST forcing on weather climate in Europe, particularly in the cold season is important and still not completely understood. An understanding of its effect on snowfall characteristics could enable better adaptation to the change in the risks associated with heavy snowfalls or lack of snow. Different modelling studies have focused on assessing the impact of climate change on snow cover and extent in different mountains of the world (López-Moreno et al., 2009 Bavay et al., 2009 Bavay et al., , 2013 Lafaysse et al., 2014; Piazza et al., 2014) . They also assessed the relationship between the SST, surface air temperature and the large-scale atmospheric variability and snow cover over different regions (Ye and Bao, 2001; Scherrer et al., 2004; Hantel and Hirtl-Wielke, 2007; Seager et al., 2010) . However, many discrepancies exist among these models, especially in terms of local snow response to different SST forcings (Ma and Xie, 2013) .
A current limitation of long-term climate projections is the resolution of the models which can be as coarse as 4 ∘ for the CMIP5 model simulations (Taylor et al., 2012) and does not allow a good representation of narrow mountains such as the Alps. Beniston et al., 2003 and Beniston et al., 2011 found that the use of regional climate models (RCMs) can solve this problem, but, because the domain of RCM is limited to a chosen region, this methodology prevents the investigation of the response in snowfall characteristics to remote atmospheric or oceanic forcings (such as SST anomalies) through teleconnections. A statistical downscalling method has also been used (Martin et al., 1996; Castebrunet et al., 2014) but does not resolve explicitly the topographic effect.
A high-resolution atmospheric global climate model (AGCM) is used for the first time in this study, and allows a realistic representation of the Alps topography and the influence of remote teleconnections. Using this high-resolution-coupled model, the aim of this study is to assess how sensible is the projection in snowfall characteristics to different SST forcings. Three different SST patterns of projections are used to investigate their influence on the atmosphere and snowfall characteristics over the Alps. The focus of this study is on the end-of-century projected changes in the characteristics (intensity and frequency) of the snowfall over the Alps, including the mean and most heavy events.
Section 2 describes the data and gives the definition of the investigated variables. Section 3 presents results and Section 4 provides concluding remarks.
Data and experiment design

Model data sets
Daily data from the global high-resolution atmospheric model (HiRAM, Lin, 2004; Putman and Lin, 2007) are used over two periods: 1979 periods: -2008 and 2075-2100 (projection, hereafter RCP). The model setup is the same as Chen and Lin, 2012 , with a horizontal grid resolution of 50 km corresponding to approximately 0.5 ∘ resolution, allowing a good representation of the topography (Figures 1(a) and (b) ). The domain covering the Alps is defined in this study as a rectangular box: 6 ∘ -16E/43 ∘ -49 ∘ N (Figure 1(c) ).
As illustrated in Figure 2 , the largest SST differences are located over the North Atlantic and Arctic regions. C3 (C2) is characterized by a cold (warm) anomaly over the North Atlantic and a weak (strong) increase of temperature over the Arctic, while C1 has a stronger positive anomaly over the North Atlantic but weaker increase over the Arctic. C3 is also characterized by an overall stronger warming of SST over the tropical Atlantic and over the North Sea. Note that there is no significant difference between the three clusters over the Mediterranean Sea, and most of the differences between them are relatively weak (0.5-1 ∘ C) compared to the global mean projected increase in SST [2-3 ∘ C, Figure 2 (a)].
Several atmospheric circulation fields are also used to investigate the main dynamical processes: the sea level pressure (SLP), the 850 hPa winds, the 850 hPa atmospheric moisture and the surface temperature to compute the frequency of freezing days. The low-level moisture flux is computed using the winds and moisture and defined as u × q, u being the winds and q the specific humidity.
Observations
Observations (precipitation and maximum surface air temperature) from the European Gridded Observation (E-OBS) data sets (Haylock et al., 2008) model validation. These observations provide daily outputs at 0.25 ∘ resolution and were extracted for the 1979-2008 period (same period as HIST). As there are no snowfall data sets, it is estimated using precipitation and temperature and a snow event is defined as a combination of a positive precipitation and a surface air temperatures equal or below 0 ∘ C during the same day. This simple definition is not perfect as snowfall can also occur during days with positive maximum temperatures (leading to a low bias in the estimate) it must be considered with a margin of error.
Mean and heavy snowfall
Mean and heavy snowfall events are differentiated, and snowfall characteristics are defined by assessing their frequency and intensity. The mean snowfall intensity is defined as the averaged amount of snow falling per snowing days (expressed in mm day −1 ). The frequency of mean snowfall corresponds to the number of snowing days per month.
Heavy snowfall is defined as the top 1% most intense snowfall (i.e. the 99th percentile) during the historical period. Intensity and frequency definition of these events is the same that for the mean snowfall but using only heavy snowfall days (i.e. the averaged intensity of snowfall during heavy snowfall days for intensity, and the number of heavy snowfall days per month for the frequency). All the values are computed for each grid point, and then eventually averaged over time and space to display the results.
Change in snowfall characteristics: sensitivity to the SST forcing
Historical run evaluation
First, a quick evaluation of the model simulations used in this study is conducted for the HIST run and illustrated in Figure 3(a) . The intensity and frequency of the mean and heavy snowfalls are averaged over 600-m elevation bands, based on the model topography.
HiRAM can adequately represent the profiles of mean and heavy snowfall intensity (light and dark blue), although these intensities are underestimated in the high altitudes (above 1200 m). At these elevations, the model displays a larger frequency of snow events (green), but as said before, this might also be due to the way snow events are defined in the observations.
Elevation dependence
Output from each RCP projection are analysed in Figure 3(b) . For all three members, a diminution in the frequency of mean snow events is observed compared to HIST, especially at altitudes below 600 m (40-80% reduction). The mean intensity is also projected to reduce for each member, except at the lowest elevation, where C1 and C3 show a slight increase in the intensity (+7%), while C2 exhibit the strongest decrease (−30%).
This difference in behaviour at low elevation between C2 and the other members is also visible when looking at the heavy event signals (Figure 3(c) ). C2 is the only case that shows a clear increase in both intensity and frequency of heavy snowfalls below 1200 m (up to +40% and +110%, respectively). At higher elevation (above 1200 m), both intensity and frequency decrease. The two other members agree on an increase of the intensity of heavy events at the lowest elevation, but both show a decrease in frequency.
The most significant impact of the SST scenario forcing on snowfall projections is thus at lower elevation 264 N. Freychet et al. (below 1200 m), especially for heavy events. At higher altitude, the tendencies in each member are similar and less dependent on the SST scenario. As snowfalls are closely related to the atmospheric temperature, the projections of the number of freezing days (i.e. with a surface air temperature below 0 ∘ C) is also investigated for each altitude band (not shown). No significant differences were found between the members, each of them exhibiting a reduction in freezing days at all elevations but with a stronger signal below 1200 m. Thus, the differences in the projected snowfall characteristics are not due to changes in surface temperature, but could be attributed to other factors such as the large-scale atmospheric circulation and moisture supply. These hypotheses are investigated in Section 3.4.
Spatial asymmetry of the changes
The spatial patterns of mean and heavy snowfall characteristics associated with each RCP simulation are now analysed. Figure 4 displays the projected changes (RCP-HIST) for each case.
In terms of mean snowfall intensity (Figures 4(a)-(c) ) of all members tend to show a dipole pattern, with a decrease over the southern and western part of the domain and an increased intensity over the northern and eastern parts of the Alps. The magnitude of these changes differs for each case, with C1 (C3) having a more intense signal over the South (East) and C2 showing a larger but less intense decrease over the northern and western part of the Alps.
In terms of mean snowfall frequency (Figures 4(d)-(f) ), C3 indicates a reduction in the number of snow events everywhere while C1 and C2 show a weak increase in the centre of the Alps (the highest parts), which is consistent with results from the previous section (Figure 3(b) ). This point illustrates the importance to have a resolution high enough to explicitly resolve the topography effects, even in terms of climate projections.
Heavy snowfall projections show even clearer differences between the three members (Figures 4(g)-(l) ). In terms of intensity (g-i), C2 is characterized by a clear and strong increase almost everywhere except over the southern regions, while C1 and C3 show an overall decrease except in the eastern-central part of the mountains. The frequency (j-l) has similar signals, with C2 showing a strong increase over the central and northern parts of the Alps while the other members exhibit mostly a decrease, except C1 over the central band. Once again, the impact of the topography is undeniable, with a clear meridional transition of the patterns along the centre of the Alps. The sensibility of the heavy snowfall projections to the SST scenario is also clear, especially over the northern part of the Alps.
The above results indicate that spatial patterns of projected changes in snow characteristics are closely linked to the SST forcing patterns. An analysis of the spatial changes in surface temperature and number of freezing days (not shown) did not show significant differences between the members. All projections indicate a large increase in the temperature over the Alps (up to 4 ∘ C) and a decrease of the number of freezing days everywhere (a decrease of 3-5 days per month in the Alps). Thus, the SST patterns do not affect directly the projected changes in the temperature, and the observed differences in the snowfall characteristics may be due to other factors, investigated in the next section.
Possible influence of large-scale atmospheric circulation
Winter European climate is strongly related to the atmospheric circulation over the North Atlantic and its first mode of variability is often characterized by the NAO index, as shown by Heaps et al., 2013 , for example. In this section, the RCP projections of the circulation are investigated for each SST forcing to highlight the differences and to find the possible explanations of the snowfall sensitivity.
The mean RCP projected change (i.e. the averaging of C1, C2 and C3, minus HIST) in the winter large-scale atmospheric circulation (850 hPa wind and moisture transport, MT) is displayed in Figure 5 (a). The differences between each member (C1, C2 and C3) and the mean projection are displayed in the same figure (b-d) . The mean change looks like a typical NAO+ circulation pattern, with an increased MT from the ocean to the northern part of Europe and a decrease over the Mediterranean region. It is related to a large increase in SLP over the South of Europe and a decrease over the Arctic region (not shown).
The signal in C2 is sensibly different from the mean, with a stronger MT reaching the South of Europe due to a weaker increase in the SLP over the Mediterranean region. On the opposite, in C3 the MT is even more deviated to the northern part of Europe and Scandinavia, which is typically associated with a cold blob over the North Atlantic (Duchez et al., 2016) . In C1, the overall MT is reduced. These differences are associated with a large increase in the specific humidity over the Alps in C2 compared with the two other cases (not shown). C3 has the strongest NAO type signal, but, because the MT is deviated too much to the North, the Alps region are drier. The signal in C1 is less intense and thus the possible impact on the snowfall is less clear.
It is assumed that these differences in the MT are the main factors that can explain the differences in the projections of heavy snowfall for C2. Indeed, a difference in the atmospheric moisture supply could explain why in C2, heavy snowfall is enhanced. However, this is a sensible result. All three members show a NAO+-like projection, and the differences between each case are moderate. But, it is enough to lead to large differences in the snowfall projections and it is clear that heavy snowfall projections are sensible to the characteristic of the circulation over the North Atlantic and to the patterns of the SST.
Discussion and conclusion
The aim of this study is to assess the sensibility of the RCP climate projection in snowfall over the Alps to three different SST forcings, using a global HiRAM.
The experiments reveal both consistency and differences in the RCP projections of the snowfall characteristics between each case. The number of snowfall days is projected to reduce in all cases, due to an increase in the surface temperature and a decrease in the number of freezing days. This signal is consistent between all members. Changes in heavy snowfall characteristics are sensitive to the detailed structure of the projected SST patterns. One case (C2) exhibits a particularly strong increase (in both frequency and intensity) at low elevations (below 1200 m) and over a large region (central and northern part of the Alps). The differences may be related to the moisture transport from the North Atlantic. Indeed, in C2 the moisture transport is stronger over the southern part of Europe compared with the other cases. Thus, even if the patterns of the SST change do not strongly impact the projections of the mean snowfall, they could be important for local or regional projections of heavy rainfall.
